A previous study of the aerotolerant bacterium Lactobacillus plantarum, which lacks superoxide dismutase (SOD), demonstrated that it possesses a novel substitute for this defensive enzyme. Thus, L. plantarum contains 20 to 25 mM Mn(II), in a dialyzable form, which is able to scavenge 02 apparently as effectively as do the micromolar levels of SOD present in most other organis. This report describes a survey of the lactic acid bacteria. The substitution of millimolar levels of Mn(II) for micromolar levels of SOD is a common occurrence in this group of microorganisms, which contained either SOD or high levels of Mn(II), but not both. Two strains were found which had neither high levels of Mn(II) nor SOD, and they were, as was expected, very oxygen intolerant. Lactic acid bacteria containing SOD grew better aerobically than anaerobically, whereas the organism containing Mn(II) in place of SOD showed aerobic growth which was, at best, equal to anaerobic growth. Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) increases the rate of 02 production in these organisms. Lactobacillus strains containing high intracelluar Mn(II) were more resistant to the oxygen-dependent toxicity of plumbagin than were strains containing lower levels of Mn(II). The results support the conclusion that a high interal level of Mn(II) provides these organisms with an important defense against endogenous 02.-
A previous study of the aerotolerant bacterium Lactobacillus plantarum, which lacks superoxide dismutase (SOD), demonstrated that it possesses a novel substitute for this defensive enzyme. Thus, L. plantarum contains 20 to 25 mM Mn(II), in a dialyzable form, which is able to scavenge 02 apparently as effectively as do the micromolar levels of SOD present in most other organis. This report describes a survey of the lactic acid bacteria. The substitution of millimolar levels of Mn(II) for micromolar levels of SOD is a common occurrence in this group of microorganisms, which contained either SOD or high levels of Mn(II), but not both. Two strains were found which had neither high levels of Mn(II) nor SOD, and they were, as was expected, very oxygen intolerant. Lactic acid bacteria containing SOD grew better aerobically than anaerobically, whereas the organism containing Mn(II) in place of SOD showed aerobic growth which was, at best, equal to anaerobic growth. Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) increases the rate of 02 production in these organisms. Lactobacillus strains containing high intracelluar Mn(II) were more resistant to the oxygen-dependent toxicity of plumbagin than were strains containing lower levels of Mn(II). The results support the conclusion that a high interal level of Mn(II) provides these organisms with an important defense against endogenous 02.-Superoxide dismutases (SOD), which provide a defense against the toxicity of oxygen by catalytically scavenging 02 (13) , have been detected in most organis examined, with the exception of certain obligate anaerobes (27) . A few oxygen-tolerant organisms have been found to lack SOD. These are: several mycoplasmnas (25) ; two disseminating strains of Neisseria gonorrhoeae (30) ; and Lactobacillus plantarum (17) . Apparent anomalies such as these challenge our knowledge of the basis of oxygen toxicity and of the defenses evolved to deal with it and, at the same time, provide an opportunity for extension of that knowledge. Careful study of one of these organisms, L. plantarum, demonstrated that its high intracellular level of Mn(II) takes the place of SOD in scavenging 02 (la) . Indeed, L. plantarum has a capacity for scavenging°2 which is comparable to that observed in aerobically grown Escherichia coli.
The activity observed in extracts ofE. coli, being due to micromolar levels of SOD, is heat labile, insensitive to EDTA, and nondialyzable. In contrast, the activity ofL. plantarum extracts, being due to millimolar levels of Mn(II), is heat stable, dialyzable, and inhibited by EDTA. Mn(ll) deprivation made L. plantarum increasingly intolerant of oxygen, demonstrating the importance of Mn(ll) as a defense against oxygen toxicity in these organisns (la) .
The lactic acid bacteria constitute a large group of widely distributed gram-positive rods or cocci which share several properties, including lack of hemes and cyanide-sensitive respiration, production of lactate, frequent accumulation of H202, and the presence of flavin-linked oxidases, catalases, and peroxidases. They are currently clasified into two families, the Streptococcaceae and the Lactobacillaceae (7) . Several members of the family Streptococcaceae in the genus Streptococcus have already been examined for their content of SOD. S. lactis, S. faecalis, S. pyogenes (5), and S. sanguis (20) have all been found to possess a single manganesecontaining SOD (MnSOD). None of the other genera in this family, namely Pediococcus, Aerococcus, Leuconostoc, and Gemella, and none of the Lactobacillaceae except for L. plantarum have yet been studied in this way.
It seemed important to survey the lactic acid bacteria for their content of Mn(II) and of SOD, as well as for their tolerance towards 02 and 02-This would determine how widespread the substitution of high levels of intracellular Mn(ll) for SOD is in this group of microorganisms and might be expected to increase our understanding 928 of oxygen toxicity. The results of this survey, which indicate that millimolar levels of intracellular Mn(II) are an important component of the defenses against oxygen toxicity in many of the lactobacilli, form the body of this report.
MATERIALS AND METHODS Organisms and culture conditions. Lactobacillus casei YIT-0001, Lactobacillus fermentum 36, Leuconostoc mesenteroides 8293, and Streptococcus lactis ML-3 were obtained from the microbiology culture collection of North Carolina State University, Raleigh, through the courtesy of S. Tove. Streptococcus faecalis, used previously (5, 16) , was from the culture collection of this laboratory. Lactobacillus acidophilus NCFM was a strain isolated from and used for the commercial production of sweet acidophilus milk. All other strains were obtained as lyophils from the American Type Culture Collection, Rockville, Md. All strains were subcultured onto multiple small APT agar (11) or MRS agar (10) slants and were stored at -70°C until required. Each experiment employed a fresh slant. Cultures were routinely grown on commercial (Difco Laboratories, Detroit, Mich.) MRS or APT broth or agar plates. For survival curves, APT and MRS agars were formulated without added Mn, and glucose was added aseptically after autoclaving. The low-Mn APT medium contained 1.8 yM Mn, and the low-Mn MRS medium contained 0.8 yM Mn, as opposed to their normal Mn concentrations of 710 and 330 uM, respectively. Lactobacillus fermentum, L. acidophilus, L. bulgaricus, and L. ruminis were always cultured on MRS media due to their substantially poorer growth on APT agar. All other organisms were cultured on APT broth and agar, although L. plantarum was grown on MRS agar in experiments in which it was compared with the four strains requiring MRS agar. Cell numbers were determined by relating direct counts to culture absorbance at 600 nm with a Gilford 2000 spectrophotometer, as previously described (la) , and by viable counts, employing serial dilutions in sterile APT salts (la) (7) were selected. These correspond to the former division of the genus Lactobacillus into thermobacteria (L. bulgaricus, L. acidophilus, L. ruminis), streptobacteria (L. plantarum, L. casei), and betabacteria (L. fermentum), respectively. Four genera of the family Streptococcaceae were also examined. Table 1 lists the organisms examined and for each organism gives the 02-scavenging activity observed when extracts were assayed with or without EDTA and both before and after dialysis.
Dialyzable, EDTA-sensitive 02--scavenging activity, presumably due to Mn(II), was observed in all L. plantarum strains, L. casei, L. fermentum, L. ruminis, two strains of L. mesenteroides and Pediococcus pentosaceus. All of these, possessing an alternative to SOD, were devoid of this enzyme. Conversely, those organisms which contained true SOD did not contain the EDTA-sensitive and dialyzable activity. In this category were Aerococcus viridans, S. lactis, S. faecalis, S. sanguis, and E. coli. Two organisms, L. bulgaricus and L. acidophilus, were extraordinary in that they were poor in 02--scavenging activity of any kind. L. bulgaricus had no detectable activity, whereas L. acidophilus had a weak activity which was dialyz- concentration of a catechol, if present in the extracts, would have been detected. In a few cases, dialysis appeared to cause an increase in specific 02 -scavenging activity. This was artifactual, being due to the presence of dialyzable, Lowry-positive material in some of the extracts. A few dialyzed extracts exhibited apparently greater SOD activity in the presence of EDTA than in its absence, and this too was an artifact. Thus, xanthine oxidase, which was used as the source of 02 in these assays, is subject to inactivation by trace metals present in the assay mixture (14) . This is ordinarily controlled by EDTA, but the inhibitory trace metals can also be sequestered by a variety of proteins, including serum albumin (14) . The addition of protein-rich cell extracts to the xanthine oxidase-cytochrome c assay mixture, in the absence of EDTA, therefore appears to have stimulated the xanthine oxidase by eliminating the inhibition by trace metals. This stimulation of the rate of cytochrome c reduction is in opposition to the inhibition due to scavenging of 02 by SOD in the extract and so causes an underestimation of the SOD in those extracts.
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The organisms listed in Table 1 were also examined for their nutritional dependence upon high medium Mn, their intracellular Mn and SOD levels, and their tolerance towards both 02 and an increased intracellular flux of O-caused by plumbagin. These measurements, presented in Table 2 However, these cells were shown to remain motile, respire, and show a plumbagin-dependent respiratory burst for at least 4.5 h after exposure to air, although both respiration and motility did decrease somewhat during this period. To determine whether this enhanced 02 consumption was the result of 02-production, the plumbagin diaphorase activity of extracts of these four organisms was assessed. In the presence of a competent diaphorase, NAD(P)H will reduce plumbagin, which will then autooxidize generating O2, and this will, in turn, reduce cytochrome c (18) . Therefore, SOD-inhibitable cytochrome c reduction was used as a measure of 02 production and hence of diaphorase activity (Table 4) . In all cases, the reduction of cytochrome c was inhibited by SOD. L. plantarum was observed to contain a very active NADHplumbagin diaphorase, as previously reported (1) bath, and aliquots were removed at intervals for dilution and plating. L. ruminis was grown anaerobically both before and after the test exposure to the aerobic medium with or without plumbagin. The other organisms were cultured aerobically throughout.
To further ensure that all four strains were generating internal 02, samples ofthe log-phase cultures used in this experiment were diluted into fresh, low-[Mn] MRS medium in a Clark oxygen cell. Their respiratory increase in response to plumbagin gave results (data not shown) similar to those in Table 3 . Figure 2 presents the results of these manipulations. L. plantarum (lines 1 and 3) and L. ruminis (lines 2 and 4) were relatively resistant to plumbagin, showing only slightly greater loss of viability in its presence than in its absence. In marked contrast, L. bulgaricus (lines 5 and 8) and L. acidophilus (lines 6 and 7) were rapidly killed during exposure to aerobic plumbagin, with L. bulgaricus being the more sensitive of the two. The great sensitivity of L. bulgaricus and of L. acidophilus to aerobic plumbagin correlates well with their relative lack of defense against 02 (Table 1 ) and the plumbagin plate assays ( Table   2 ). The relatively greater sensitivity of L. bulgaricus is explained by its complete lack of such defenses, whereas L. acidophilus did exhibit a weak ability to scavenge 02 (Table 1) . It should be noted that plumbagin toxicity for these organisms was reduced by -90% in plate assays in the absence of oxygen, in keeping with the view that its effect is exerted through the agency of 02-. The greater sensitivity of L. bulgaricus and of L. acidophilus, in comparison with the resistance of L. plantarum and of L. ruminis, is all the more notable in view of the greater effect of this agent on the respiration and hence internal 02 flux of the latter two organisms (Table 3) .
Defense against plumbagin toxicity. We have already shown that L. plantarum contains an active NADH-plumbagin diaphorase and that plumbagin greatly increases the respiration of suspensions of this organism (Tables 3 and 4) . Previous studies (la) (9, 28) . We therefore expect that Mn(II) would scavenge 02 much as peroxidases scavenge H202, i.e., at the expense of some reductant, such as NAD(P)H. This is in contrast to the action of SOD on 02 which, like the action of catalase on H202, requires no other reducing substrate. In the xanthine oxidase-cytochrome c assay for O2--scavenging activity, micromolar levels of Mn(II) exerted an activity comparable to that of nanomolar levels of SOD (la) . Similarly, in the lactic acid bacteria, millimolar levels of Mn(II) can replace micromolar levels of SOD.
There are several indications that high intracellular levels of Mn(II) do serve as a defense against endogenous 02 and against oxygen toxicity. Thus, decreasing intracellular [Mn(ll)] in L. plantarum, by growth in Mn-deficient media, imposed an oxygen intolerance (la) . Similarly, Mn(II)-deficient L. plantarum cells are now seen to be much more susceptible to the lethality of aerobic plumbagin than are Mn(II)-replete cells. Since this naphthoquinone derivative has been shown to impose a markedly increased flux of 02 upon these cells, it is clear that a high intracellular level of Mn(II) does protect the cells against this radical much as SOD was previously shown to protect E. coli against the same insult (18). Finally, when lactobacilli containing low intracellular levels of Mn(ll) (L. bulgaricus and L. acidophilus) are compared with strains containing high intracellular levels of Mn(II) (L. plantarum and L. ruminis), the former are vastly more sensitive to the lethality of aerobic plumbagin than are the latter.
It is instructive to consider L. ruminis in some detail. As a rumen inhibitant it ordinarily grows in an Mn-rich and anaerobic environment. It is an obligate anaerobe in that it will not grow in the presence of oxygen. However, it does contain high intracellular [Mn(II)], is very resistant to aerobic plumbagin, and survives for days on the surface of agar plates. Since transmission of L. ruminis from one ruminant to another will almost certainly involve contact with air, incorporation of high intracellular levels of Mn to render 02 merely bacteriostatic may well be of selective advantage. Its inability to grow may be due to one or more essential Orsensitive enzymes, coenzymes, or redox couples. For example, sulflhydryl to disulfide oxidation, although it may inactivate the enzyme or coenzyme affected, is readily reversible when anaerobic reducing conditions are again imposed. In contrast, 02-, because of other radicals it can engender, is capable of irreversibly damaging informational macromolecules, such as the nucleic acids (4a, 8, 22, 23, 29, 32) ; this remains to be explored.
Although it is attractive to propose that high intracellular Mn is ancestral to MnSOD, there are reasons for considering this not to be a primitive characteristic. Lactic acid bacteria with high internal levels of Mn and no SOD require numerous amino acids and other growth factors (19) and, although unable to synthesize hematin, some strains can synthesize a hemecontaining catalase, if supplied with hematin (34) . There are, in fact, reports that hematin in the medium will permit the synthesis of cytochromes and allow limited oxidative phosphorylation in S. faecalis 10C1 (6, 31) . All of this, plus the evolutionary relationships of various microbial groups as deduced from the sequence of oligonucleotide fragments of 16S RNA (12) , suggests that the apparent simplicity of the lactic acid bacteria is an adaptation or divergence and not primordial. This is consistent with the finding of SOD enzymes in such apparently truly primitive groups as the Archaebacteria (methanogens) (T. Kirby, J. R. Lancaster, Jr., and I. Fridovich, Arch. Biochem. Biophys., in press). Therefore, it follows that substitution of high levels of Mn(II) for SOD in lactic acid bacteria is an adaptation, possibly to life in Mn-rich media, and it may not be coincidental that the two lactobacilli lacking high levels of Mn were dairy organisms, milk being very low in Mn, whereas those containing high levels of Mn are all usually found associated with plant material generally high in Mn from the chloroplasts (1 
